Abstract: Diffusion-weighted imaging (DWI) holds promise to address some of the shortcomings of routine clinical breast magnetic resonance imaging (MRI) and to expand the capabilities of imaging in breast cancer management. DWI reflects tissue microstructure, and provides unique information to aid in characterization of breast lesions. Potential benefits under investigation include improving diagnostic accuracy and guiding treatment decisions. As a result, DWI is increasingly being incorporated into breast MRI protocols and multicenter trials are underway to validate single-institution findings and to establish clinical guidelines. Advancements in DWI acquisition and modeling approaches are helping to improve image quality and extract additional biologic information from breast DWI scans, which may extend diagnostic and prognostic value.
B
reast magnetic resonance imaging (MRI) is widely regarded as the most sensitive breast screening technique and is increasingly recommended for high-risk population screening, preoperative staging, and therapy monitoring. 1 Conventional breast MRI examinations incorporate multiple pulse sequences, typically including a T2-weighted bright fluid sequence and a dynamic contrast-enhanced MRI (DCE-MRI) sequence consisting of multiple T1-weighted sequences before and after contrast injection, as recommended by the American College of Radiology (ACR). 2 This approach provides high sensitivity but moderate specificity and positive predictive value (PPV) for characterization of breast lesions when used in conjunction with the ACR MRI Breast Imaging-Reporting and Data System (BI-RADS) lexicon to assess lesion morphology (such as shape, margin, and distribution) and initial and delayed contrast enhancement patterns. 3 Emerging evidence suggests that diffusion-weighted MRI (DWI) can address some of the limitations of conventional breast MRI by providing complementary information for lesion assessment. 4 Whereas DCE-MRI demonstrates tissue vascularity and provides high sensitivity for cancer detection, DWI reflects the mobility of water molecules diffusing in tissues, revealing tissue organization at the microscopic level. Numerous DWI studies have shown malignant breast lesions exhibit altered diffusion characteristics compared to normal fibroglandular tissue. 5, 6 Moreover, DWI is a short scan available on most commercial MR scanners that does not require any exogenous contrast and can be easily added to clinical breast MRI protocols. The supplementary information about the microscopic cellular environment and relative ease in implementation have made DWI an imaging tool of interest for improving breast cancer diagnosis and characterization.
Breast DWI Basics
DWI is performed using motion-sensitizing gradients applied during MR image acquisition to probe local diffusion characteristics. The resulting diffusion-weighted MRI signal is reduced in intensity proportional to the water mobility, and is commonly described by the monoexponential equation:
where S D is the signal intensity with diffusion weighting, S 0 is the signal intensity without diffusion weighting, b is the diffusion sensitization factor (or ''b value") determined by the strength and timing of the applied diffusion gradients (s/mm 2 ), and ADC is the apparent diffusion coefficient, which describes the rate of diffusion and is defined as the average area occupied by a water molecule per unit time (mm 2 /s). 7 Whereas pure water exhibits random isotropic molecular diffusion, the motion of water molecules in vivo is restricted by cell membranes and other hindrances within intracellular and extracellular compartments. As a result, DWI is sensitive to microstructural tissue properties including cell density, cellular organization, and cell membrane integrity. From DWIs acquired with !2 different b values, ADC can be calculated for each voxel in the image and presented as a parametric map. Owing to increased cellularity and more restricted diffusion, breast malignancies commonly exhibit hyperintensity on DWI and lower ADC relative to normal breast parenchyma (Fig. 1) . Although breast lesions tend to be most visible on the diffusionweighted (S D ) images (Fig. 1C) , such images have confounding T2-shine through effects and therefore most clinical applications rely on quantitative ADC measures for lesion characterization.
CLINICAL APPLICATIONS Improving Accuracy for Cancer Diagnosis
The most widely explored clinical application of DWI for breast imaging is a supplemental diagnostic tool to DCE-MRI in differentiating between malignant versus benign findings. Because of DCE-MRI's well-established high sensitivity (90%) yet relatively modest specificity (72%), 8 there is great interest in the addition of DWI to potentially improve PPV and reduce unnecessary biopsies. Many previous studies have shown breast malignancies have significantly lower ADC values than benign lesions, as illustrated in Figure 2 . Two meta-analyses evaluating DWI performance for diagnosing breast lesions, one containing 13 studies between 2002 and 2009 9 and another containing 14 studies between 2008 and 2014, 10 reported similar pooled sensitivities/specificities of 84%/79% and 86%/76%, respectively. More importantly, combined DCE-MRI and DWI produced superior diagnostic accuracy than either DCE-MRI or DWI alone, with resulting sensitivity/specificity of 92%/86% and area under the summary receiver-operating characteristics (ROC) curve of 0.94. 10 From the Despite compelling evidence from multiple single-center studies, DWI has not yet reached widespread utility in routine clinical settings. A major limitation to clinical implementation is the heterogeneity in approach among the many published studies preventing definition of generalizable diagnostic criteria. Owing to dependence of lesion ADC measures on the applied b value, with ADC values generally decreasing with increasing b, 11 
Selecting Appropriate Treatments
There is a spectrum of pathologies in the breast that warrant surgical management, ranging from high-risk lesions to in-situ and invasive disease, one or all of which may be present in a single lesion. Ideally, a core biopsy would always reflect the most aggressive disease to stratify patients to appropriate treatment. However, in reality, this is not always true; many lesions upgrade upon surgical excision and consequently require a change in direction of management. Clinical tools that can predict final pathological results before surgery would allow for more accurate treatment planning. Literature has suggested that DWI may be one of these tools. As DWI is a characterization of cellular density, it is reasonable to hypothesize that ADC measures would correlate to tumor aggressiveness, mirroring the pathologic spectrum. Indeed, multiple studies have supported this expected trend by demonstrating mean ADC of invasive disease to be lower than that of in-situ disease, 13, 14 which is in turn lower than that of benign breast tissue. 15 ADC of high-risk lesions, such as atypical ductal hyperplasia and lobular neoplasia (lobular carcinoma in situ and atypical lobular hyperplasia) was also found to be lower compared to that of other benign lesions (mean, 1.46 AE 0.39
À3 mm 2 /s vs 1.83 AE 0.43 Â 10 À3 mm 2 /s, respectively). 16 DWI may provide new prognostic biomarkers for even finer stratification of cancer aggressiveness. Within invasive disease, a number of studies have shown ADC values to negatively correlate with tumor grade. [17] [18] [19] [20] [21] A similar correlation was seen with tumor proliferation, using Ki-67 index as a marker. 13, [21] [22] [23] [24] [25] [26] The ability to detect more aggressive tumors may aid in consideration of neoadjuvant treatment before surgery. Similarly, within in-situ disease, DWI characteristics were able to stratify low-versus high-grade ductal carcinoma in situ (DCIS). 27, 28 As the scientific community continues to debate the necessity of surgically treating all DCIS, this ability to classify DCIS aggressiveness in vivo may be useful in developing new risk-based management strategies.
Given this overarching trend of decreasing ADC with increasing cancer severity, it is possible that DWI may also be helpful in predicting pathologic upgrade. Lower ADC was shown to be associated with pathological upgrade of lesions diagnosed on core needle biopsy, both for DCIS lesions upgrading to invasive disease 29, 30 and high-risk lesions upgrading to malignancy 31 ( Fig. 3 ). Such findings implicate that DWI may aid in MRI-guided biopsy to preferentially target the most aggressive portion of a lesion and thereby decrease sampling error. Additionally, DWI after biopsy may help to determine appropriate management and ultimately decrease the rate of unnecessary surgical interventions.
An additional area of active investigation is DWI's role in identifying tumors that express specific markers, which can be targeted for personalized therapy. Because DWI reflects the tumor microenvironment, ADC measurements may vary across biologic subtypes characterized by expression of estrogen receptor (ER), progesterone receptors (PR), and human epidermal growth factor receptor 2 (HER-2). Multiple studies report ADC values to be significantly lower in ER-positive versus ER-negative breast tumors. [32] [33] [34] [35] [36] A similar trend of lower ADC was observed for PRpositive versus PR-negative tumors. [34] [35] [36] [37] [38] Conversely, a number of studies have found HER-2-postive tumors to exhibit higher ADC than HER-2-negative tumors. 24, 32, [39] [40] [41] Of note, the observation of lower ADC values (presumably reflecting higher cell density) in ER/ PR-positive tumors is counterintuitive, as ER/PR expression is typically seen in slower growing, lower-grade cancers, and is therefore an area warranting further investigation. Despite the aforementioned promising results, ADC associations have been variable, even across the studies cited above, with regard to specific pathologic features. This inconsistency is a major limitation of the application of DWI as a biomarker in clinical practice. Thus, more comprehensive investigation is needed before ADC can be considered a reliable prognostic marker in breast cancer. [42] [43] [44] (Fig. 4) . In addition to detecting treatment response, DWI may also play a role in pre-and post-treatment management decisions. First, pretreatment ADC measures may improve prognostic ability to identify which patients will best respond to neoadjuvant treatments. In women with triple-negative disease (ER, PR, and HER2-negative) undergoing neoadjuvant chemotherapy, several large studies have observed low pretreatment tumor ADC values to be associated with pathological complete response. 36, 45, 46 Second, post-treatment DWI may provide a means to accurately assess extent of residual disease before surgery. A recent meta-analysis evaluating the utility of DWI for detecting pathologic complete response (pCR) after neoadjuvant chemotherapy reported a pooled sensitivity and specificity of 0.93 and 0.85, respectively, across 8 studies with 539 total patients. 47 The performance of DWI for detecting pCR was not statistically different than for DCE-MRI, although their results suggested sensitivity to be higher by DWI and specificity to be higher by DCE-MRI and that a combination of both imaging techniques may enable more precise assessment of pathologic response to chemotherapy.
Evaluating Efficacy of Neoadjuvant Therapy
Similar to investigations of other clinical applications, wide variability exists in the current literature as to the utility of DWI to monitor breast cancer therapy, in part because of differences in study design (eg, DWI acquisition and analysis approaches, timing of imaging examinations during treatment, and patient characteristics), and further investigation is needed to validate ADC as a predictive biomarker of therapeutic efficacy. Results of larger multisite clinical trials incorporating standardized approaches (eg, ACRIN 6698, 48 currently underway) will provide valuable insights to the performance of DWI for assessing breast cancer response to treatment.
CONSIDERATIONS FOR CLINICAL IMPLEMENTATION
Although a growing number of imaging centers are incorporating DWI into the clinical breast MR examination, there are multiple technical factors related to image acquisition and analysis that should be considered for successful implementation. Image quality can vary widely, and breast DWI acquisition protocols must be optimized to reduce artifacts and achieve adequate signal-to-noise ratio (SNR). Conventional single-shot echo planar imaging (EPI)-based DWI sequences are prone to detrimental image distortions and ghosting artifacts, which are particularly problematic for breast imaging owing to off-isocenter imaging, air-tissue interfaces, and significant fat content in the breast. Good-quality shimming and suppression of lipid signal are essential to minimize susceptibility and chemical shift artifacts for breast DWI, and use of multichannel RF coil design, parallel imaging, and higher order shimming techniques help to achieve these goals. Strategies to improve SNR include scanning at higher field strength, increasing the number of signal averages, shortening echo time, increasing voxel size, and appropriate choice of b value. 4 The choice of b values directly affects SNR and quantitative ADC analysis. For standard spin-echo prepared DWI, a b value of approximately 1.1/ADC may provide ideal SNR. 49 For breast cancers, with typical ADC values of 0.9 to 1.5 Â 10 À3 mm 2 /s, this corresponds to an optimal diffusion weighting in the range of b ¼ 700 to 1200 s/mm 2 , and these are common choices in the literature. As However, provided ADC thresholds are adjusted according to the specific b value used, a combined analysis of 26 breast DWI studies found no significant influence of b value on performance for differentiating benign and malignant lesions. 50 Additionally, DWI acquisitions using multiple b values (!3) provide a more accurate sampling of signal decay and enable advanced modeling approaches. However, this extends scan time without clear diagnostic benefit and for general purposes of quantifying breast lesion ADC, the minimum requirement of 2 b values (eg, b ¼ 0, 800 s/mm 2 ) is commonly used and appears to be sufficient.
Studies in the literature have varied in performing DWI before or after DCE-MRI during the breast MRI examination. Overall, the influence of contrast agent administration on breast lesion ADC measures was determined to be negligible, 50, 51 particularly when DWI is acquired several minutes postcontrast, 51 and either approach is acceptable.
Data analysis approaches including postprocessing, ADC calculation, and region-of-interest (ROI) methods can also directly impact ADC measures. Image registration can be employed before ADC calculation to correct for patient motion as well as susceptibility and eddy-current-related EPI distortions. Adequate noise thresholding should be used when calculating ADC maps to reduce spurious values from suppressed adipose tissue signal. Lesion ADC measurements differ significantly depending on the ROI selection approach, which can range from sampling a small subregion to whole tumor 3D ROI methods (Fig. 5) . Differences in ADC are most dramatic in large, heterogeneous, and nonmass lesions. 37, 52, 53 Some studies have reported that a smaller ROI placed over the most hypointense ADC area may provide better discriminating performance by reflecting the worst pathology within a heterogeneous lesion. 37, 53 However, whole tumor measurement may allow better reproducibility. 52 Semiautomated ROI selection techniques further show promise to improve efficiency, accuracy, and reproducibility of breast lesion ADC measures. 54 
ADVANCED TECHNIQUES Novel Acquisition Approaches
A variety of exciting advancements in DWI acquisition strategies are under development to further improve the image quality of breast DWI. 55 Aiming to increase spatial resolution and reduce distortions, these new techniques have potential to greatly improve the ability to resolve spatial heterogeneity and directly correlate lesion DCE-MRI and DWI features. Advanced EPI-based techniques such as multishot EPI and readout-segmented EPI employ alternative readout trajectories to shorten echo time and thereby reduce susceptibility artifacts. Reduced field-of-view approaches allow imaging of a target subregion, which reduces the required matrix size and both enables higher spatial resolution as well as reduces susceptibilitybased distortions (Fig. 6) . Preliminary studies implementing these advanced EPI techniques demonstrate improved ability to assess breast lesion morphology and ADC on DWI. [56] [57] [58] It is important to note that along with the potential improvements in image quality, each of these advanced techniques incorporates some tradeoffs such as longer scan times and increased sensitivity to patient motion versus conventional single-shot EPI.
Alternative non-EPI sequences also offer some additional advantages for reducing susceptibility effects and artifacts of breast DWI. Fast spin echo (FSE)-based sequences avoid T2 Ã -related signal losses and susceptibility-based geometric distortions by using refocused spin echoes rather than gradient echoes, and are under investigation for improving spatial accuracy for breast DWI. 59, 60 However, FSE techniques also come with drawbacks of increased T2-weighted signal loss and blurring and additional RF heating, and require further technical optimizations. A number of other emerging non-EPI approaches also show promise for overcoming current image quality challenges of breast DWI, 61, 62 but are in earlier stages of development.
Advanced DWI Modeling
Although the simple single-compartment monoexponential decay model (given in Eq. 1) to estimate ADC is by far the most common quantitative approach utilized in clinical DWI applications, more sophisticated modeling techniques are under investigation to extract additional biological information from breast DWI scans. 55 One such approach is intravoxel incoherent motion (IVIM) modeling, which fits the DWI signal to a multicompartment biexponential decay model to separate contributions from the microvasculature and surrounding parenchyma. 63 IVIM allows measurement of tissue parameters that include the perfusion volume fraction (f p ), tissue diffusivity (D t ) in the parenchyma, and pseudodiffusivity (D p or D Ã ) in the microvasculature. Applied to breast cancer, D t is considered a marker of tumor cellularity, f p of blood volume, and D p of blood velocity and vessel architecture (Fig. 7) . Preliminary IVIM studies have demonstrated increased f p levels in invasive breast cancers, [64] [65] [66] which may reflect angiogenesis associated with more aggressive disease and may thus provide additional diagnostic and prognostic value.
Other alternative modeling approaches such as diffusion kurtosis and stretched exponential diffusion modeling characterize deviation from unrestricted single compartment (Gaussian) diffusion behavior. Non-Gaussian diffusivity is most evident in vivo at very high b values (b >1000 s/mm 2 ) and in theory reflects the ''complexity" of the tissue microenvironment creating physical barriers to diffusion (cell membranes, organelles, stromal desmoplasia, among others). Recent studies have shown breast malignancies to exhibit more non-Gaussian diffusivity, with higher diffusional kurtosis, than benign breast lesions, [67] [68] [69] [70] which may also help to further improve lesion characterization. Diffusion tensor imaging (DTI) is another advanced technique, more commonly used for neuroimaging, which is also being investigated for application in breast imaging. DTI characterizes both the rate (diffusivity) and directionality (anisotropy) of water diffusion and it is hypothesized it may provide further insights on glandular organization (ducts, lobules) and microarchitecture. DTI anisotropy measures have been shown to be generally lower in breast lesions versus normal parenchyma [71] [72] [73] (Fig. 8) , thought to reflect the loss of glandular organization in the lesions, and some studies have also reported lower anisotropy values in benign versus malignant lesions. [72] [73] [74] [75] It is important to note that these advanced modeling approaches come with a cost of increased acquisition time (for sampling of a wider range of b values and/or diffusion directions) and postprocessing requirements over standard DWI. It remains to be determined whether they can provide diagnostic advantages that would justify their clinical implementation, and so for now these techniques are primarily restricted to research applications.
CONCLUSION
There is growing recognition of the potential value of DWI for improving the diagnosis and management of breast cancer, and this supplemental MRI technique is increasingly being incorporated into breast MRI protocols. 4 DWI holds particular appeal because of its short acquisition time, its wide availability on most commercial MR scanners, and the lack of exogenous contrast agent needed. However, there are obstacles to routine clinical application of breast DWI related to technical challenges and the lack of standardization of imaging approaches across institutions. Novel acquisition techniques are under development to overcome commonly encountered image quality issues, and advanced modeling approaches hold potential to further expand the capabilities of DWI as an imaging biomarker. Results of prospective multicenter trials (several of which are currently underway through ACRIN 12, 48 ) will help to validate promising single-institution findings and establish generalizable guidelines, which are needed to facilitate widespread implementation of DWI for breast imaging.
